We report the phase diagram of (Ba 1−x Ca x )(Zr 0.1 Ti 0.9 )O 3 solid solution. It is found that substitution of smaller Ca ions for Ba ions can slightly increase the cubictetragonal(T ) para-ferroelectric phase transition temperature and strongly decrease the T -orthorhombic (O) and O-rhombohedral (R) transition. This unique ferroelectric phase evolution is attributed to Ca off-centering effects. More importantly, lowering of the T −O or O −R phase transitions allows us to prepare the piezoelectric ceramics with a strain response as high as S/E ≈ 800 pm/V (E=10 kV/cm) over a wide range of compositions with x ≈ 0.1 − 0.18 at room temperature, which may be interesting for piezoelectric applications.
BaTiO 3 (BTO) was the first commercial piezoelectric ceramic 1 , and it is being used in industry, for example, in sonar transducers used in fishfinders. 2 Its large piezoelectric response is essentially due to large lattice distortion under an electric field 3 and the easy switching of ferroelectric domains facilitated by a low coercive field. 4 Due to these large piezoelectric effects, BTO is also commonly used to develop new lead-free piezoelectric materials.
5,6
The ferroelectricity of BTO with an ABO 3 perovskite structure originates from the Tishift in the BO 6 octahedron, giving rise to three ferroelectric phases in the crystal: the When substituting Zr for Ti in BTO, one can observe an abundance of phase evolutions spanning from ferroelectric phases to relaxor or polar cluster states. 16 Even in the region of ferroelectric phases for Zr-substitution amounts of less than ≈ 20 mol%, ferroelectric phase evolutions are very complicated. In contrast to the monotonic decrease in the cubic (C)-T phase transition, the T -O and O-R phase transitions initially increase, reach a maximum at approximately 10 mol% substitution, and then decrease with increasing the Zr-substitution amount. 8, 17 Around the composition corresponding to the maximum transition point, the T − O and O − R phase transitions approach the C − T para-ferroelectric transition point.
More interestingly, this solid solution shows a very large piezoelectric response, 10,11 which has attracted much attention in the development of piezoelectric materials.
18,19
When substituting smaller Ca ions for bulky Ba ions, unique phase evolution 12,13 and interesting physical phenomena 13, 14, 15 have been observed. In contrast to the reduction of the C − T para-ferroelectric transition for Zr substitution, 8, 17 this phase transition remains nearly unchanged for Ca-substitution in the limit of solid solution. contrasts with the case of the C − T transition, which can be determined directly from the maximum of the permittivity curve. Using this approach, we established the phase diagram for this system, which is shown in Fig. 3 . Similarly to the case of (Ba 1−x Ca x )TiO 3 , with that in (Ba 1−x Ca x )TiO 3 strongly suggests that Ca off-centering effects play a critical role in tuning the polarization states in these two systems.
13
We also examined the ferroelectric and piezoelectric behaviors in this system and show the results in Fig. 4 . The remanent polarization P r has an approximate value of 10 µC/cm 2 and seems to remain unchanged within the limit of solid solution (Fig.3(b) ), which is very similar to what is observed in (Ba 1−x Ca x )TiO 3 .
14 The coercive field of a BCZT ceramic usually falls in the range of 3 -5 kV/cm. This low coercive field is favorable for electrical poling in a ceramic sample.
More interestingly, BCZT ceramics are extremely soft elastically. A surprisingly high elastic deformation of ≈ 0.15% was observed in the ceramic under the application of a bipolar electric field of 20 kV/cm. This large electromechanical coupling was further confirmed by the strain response in a unipolar field. From the results of unipolar field measurements, it is clear that a strain level higher than that of commercial PZT ceramic is present in BCZT ceramics at the same electric field. To understand the large strain response in BCZT ceramics , we analyzed the variation of the effective piezoelectric constants defined by S/E (=the ratio of maximum strain to the applied electric field) and compared this variation with the phase evolution in the phase diagram. From Fig. 3(b) , it is immediately clear that at a measurement temperature of T =295 K, BCZT solid solutions undergo phase changes between R − O or O − T states over compositions ranging from x ≈0.1 to x ≈0.18. This phase evolution is accompanied by the appearance of large effective piezoelectric constants for BCZT. Values of S/E greater than 800 pm/V were observed in this wide composition region. It is reasonable to consider that structural transformation plays a critical role in the large piezoelectric response in these solid solutions. As observed in the X-ray diffraction measurements, the ferroelectric distortions among the T , O and R ferroelectric phase are very small. Moreover, the difference in transition temperature between R − O and O − T transitions is approximately 20 K, indicating that the energy difference between these ferroelectric phases is very small. The small ferroelectric distortion together with the small energy difference between these ferroelectric phases are thought to facilitate the phase transformations, resulting in the large strain response under the application of an electric field in these solid solutions.
We further measured the dependence of strain response on the temperature for ceramic sample with x = 0.1 having large piezoelectric effects around room temperature in the temperature range of 228 K -373 K. The results are summarized in Fig.4(d) and Fig.3(c) .
In this composition, the R − O and O − T phase boundaries cover the temperature range of 290 K -320 K. Just within this temperature range, the ceramic sample shows very large elastic deformation under the application of electric field. As temperature departs from this temperature range, the strain level also decreases. This again suggests that the R − O and O − T phase boundaries are responsible for the large electromechanical coupling effects in BCZT solid solutions. An interesting phenomenon for this material is that the strain response is very stable in the temperature range mentioned above, which might be of significance for the practical applications.
Here, it should be mentioned a recent report by Liu and Ren 18 on system of (1 − y)Ba 
